In the current study, Fe-based alloys were used for powder injection molding (PIM) parts with various qualities and hardness ranges by varying chemical compositions according to thermodynamically calculated phase diagrams. Their microstructure and hardness values were analyzed and compared with those of the PIM specimens made from conventional Fe-based alloy powders or stainless steel powders. The Cr-to-B ratio (X Cr /X B ) and the sum of Fe, Cr, and B content (X Fe +X Cr +X B ) were varied to design nine Fe-based alloy compositions based on the composition of Armacor ''M'' alloy powders (Liquidmetal Technologies, Lake Forest, CA). According to the microstructural analysis results of the cast and heat-treated Fe-based alloys, large amounts of (Cr,Fe) 2 B were formed in the tempered martensite matrix. The volume fraction of (Cr,Fe) 2 B was varied from 42 pct to 91 pct with alloy compositions, and these results were well matched with the thermodynamically calculated volume fractions of (Cr,Fe) 2 B. The hardness of the fabricated alloys was varied from 300 VHN to 1600 VHN with alloy compositions, and this value increased linearly with the increasing volume fraction of (Cr,Fe) 2 B. From the correlation data between the volume fraction of (Cr,Fe) 2 B and hardness, the high-temperature equilibrium phase diagram, which could be used for the design of Fe-based alloys with various fractions and hardness values of (Cr,Fe) 2 B, was made.
I. INTRODUCTION
POWDER injection molding (PIM) is a new powder metallurgical technology, in which powder metallurgy and plastic injection molding are combined to achieve a mass production of complex-shaped or precise parts. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The PIM is composed of several processes of mixing with binders, injection molding, debinding (removing of binders from an injection-molded body), and sintering. One major advantage in the continuous research, development, and application on the PIM is a large degree of freedom of designing of complex-shaped or precise parts. Three-dimensional precise parts can be fabricated by using various powders of metals, ceramics, hard metals, and intermetallics, and the mass production can be achieved even in cases of hard-to-process or uncastable materials without posttreatments. Thus, the PIM technology is appropriate for producing highly valuable parts economically.
Stainless steels, which take up most of the PIM markets, meet the physical and mechanical properties of final PIM parts such as strength, hardness, wear resistance, and corrosion resistance by varying their chemical compositions. Various kinds of stainless steel powders used for the PIM, which include SUS304L, SUS316L, SUS430, and SUS630. [11] [12] [13] [14] In the case of the martensitic SUS630 stainless steels, subsequent heat treatments would be necessary. Thus, the development of Fe-based alloys, which can satisfy general mechanical properties of PIM parts without heat treatments and can be applied to PIM parts by modifying their microstructures and properties, together with economic advantages, is needed. [15] Son et al. [16] fabricated PIM parts with high-hardness, Fe-based alloy powders, i.e., Armacor ''M'' (Liquidmetal Technologies, Lake Forest, CA) (chemical composition; Fe-43Cr-5.6B-1.8Si-0.2S-0.17C [wt pct, Table I ]) The authors reported that the parts showed much higher hardness, corrosion resistance, and wear resistance than those fabricated with conventional stainless steel powders.
Approximately 80 vol pct of hard boride of (Cr,Fe) 2 B was formed, which resulted in the hardness higher than 1000 VHN, together with excellent corrosion, wear resistance, and high-temperature properties. The production costs could also be reduced while achieving higher product quality because completely densified PIM parts could be obtained at a lower sintering temperature and for a shorter period of sintering time than conventional PIM stainless steel products. Although this PIM process held the significant implication for the economical development of new advanced structural materials, it is not necessary to use this for the fabrication of PIM parts that require lower properties and qualities. [17, 18] Therefore, Fe-based alloy powders with various levels of properties and qualities are essentially developed.
The objective of the current research was to modify the chemical composition of the Armacor ''M'' powders and to develop new Fe-based alloys with various properties and qualities. To obtain properties and qualities by varying chemical compositions and volume fraction of (Cr,Fe) 2 B, the (Cr,Fe) 2 B fraction was estimated from thermodynamically calculated phase diagrams. The alloys with various (Cr,Fe) 2 B fractions were fabricated by using a suction casting technique, and their microstructure and hardness were analyzed and compared with those of PIM specimens made from the Armacor ''M'' powders to understand the property improvement.
II. EXPERIMENTAL
Armacor ''M'' powders are used commercially as thermal spray coating powders because they have Etched by a Viella's solution [16] . excellent hardness, strength, wear resistance, and corrosion resistance. [19] [20] [21] Scanning electron micrographs of ''M'' powders and a PIM specimen fabricated with these powders are shown in Figures 1(a) and (b), respectively. ''M'' powders have a spherical shape, and their size ranges from 5 to 100 lm. Fine powders of 20 lm or smaller in diameter were used for the PIM. [16] After mixing the ''M'' powders with binder powders of hexane and paraffin wax, the powder mixture was inserted into a circular mold 20 mm in diameter and then pressed at 150 MPa at room temperature by using a press. The molded specimen was heated up to 773 K (500°C) in a furnace at a heating rate of 2 K/min and held at this temperature for 1 hour. This debinded specimen was sintered at 1523 K (1250°C), which was lower than the powder liquidus temperature of 1545 K (1272°C), for 30 minutes. The PIM specimen was generally composed of two phases, i.e., precipitated (Cr,Fe) 2 B phase and tempered martensite matrix phase, without any pores or defects. [16] Because approximately 75 vol pct of (Cr,Fe) 2 B is distributed homogeneously in the tempered martensite matrix, the hardness of the PIM specimen reaches 910 VHN.
Nine Fe-based PIM alloys were designed by using the Thermo-Calc (Thermo-Calc Software, McMurray, PA), [22] which is a commercial thermodynamic calculating program, based on the chemical composition of ''M'' alloy powders. Master alloys were fabricated by arc-melting of appropriate amounts of pure metals of Fe (99.9 pct), Si (99.999 pct), and C (99 pct) (RnD Korea Co., Kyung Ki Do, Korea), as well as ferroalloys of Fe-B (99.1 pct), Fe-Cr (98.6 pct), and Fe-S (89.5 pct) (Hengdong Wolfram Industry Co., Hunan, China) in a water-cooled copper crucible under a Ti-gettered argon atmosphere. [23, 24] Each master alloy of approximately 30 g in weight was melted three or four times to ensure the compositional homogeneity. Rods measuring 5 mm in diameter and 50 mm in length (weight:~7 g) were produced in a water-cooled copper mold by suction casting under an argon atmosphere. Because these rods were not homogenized sufficiently in a cast form, they were held at 1473 K (1200°C) for 30 minutes and then cooled in a vacuum furnace. This heat-treatment condition was same to the sintering condition of the PIM process.
The cast and heat-treated alloy specimens were observed by a scanning electron microscope (SEM; JEOL, JSM-6330F; JEOL Ltd., Tokyo, Japan) after they were etched by a Viella's solution (45 mL glycerol, 15 mL HNO 3 , and 30 mL HCl). The phases present in the specimens were analyzed by X-ray diffraction (XRD), and the volume fractions of phases were measured by an image analyzer. The overall bulk hardness and matrix hardness were measured by a Vickers hardness tester under a 300 g load and by an ultramicro-Vickers hardness tester under a 2 g load, respectively.
III. RESULTS AND DISCUSSION

A. Interpretation of High-Temperature Equilibrium Phase Diagrams by Thermodynamic Calculation
The major factors determining the mechanical properties must be evaluated prior to the design of alloys modified from the basic composition of ''M'' alloy powders. It can be learned from the previous research [15] that the mechanical properties, especially hardness, of ''M'' alloy powders and their PIM specimen are related closely to the precipitation of (Cr,Fe) 2 B.
[25] Accordingly, thermodynamic calculations were conducted to estimate the volume fraction of (Cr,Fe) 2 B and the effect of alloy composition on it for the Fe-Cr-B-Si-S-C six-component system. The ThermoCalc program [22] was used for the calculation, and the upgraded version of TCFE2000 [26] was used for the thermodynamic database. Figures 2(a) and (b) show that the calculated isothermal phase diagrams of the central ternary system, Fe-Cr-B, are well matched with the experimental results from Villars et al.
[27] Figure 3 shows the effect of alloying elements of ''M'' alloy powders, i.e., Fe, Cr, B, Si, S, and C, on the driving force (driving force = DG/RT, DG; difference between Gibbs free energy of liquid and Gibbs free energy of phase [28] ) of (Cr,Fe) 2 B precipitation at 1523 K (1250°C) and 1273 K (1000°C). The varying range of each element with the fixed ratio of the others is from zero to twice that of the original content. The driving force of (Cr,Fe) 2 B precipitation changes greatly by varying Fe, Cr, and B, which are the main composing elements of ''M'' alloy powders. Thus, Fe, Cr, and B are chosen to be the main components in the alloy design.
When ''M'' alloy powders are sintered for a long time at 1523 K (1250°C) in the PIM process, the sintered microstructure can be considered to reach the equilibrium state. The mole fractions of equilibrium phases were calculated by varying contents of Fe, Cr, and B at 1273 K (1000°C), which could be considered to be the temperature under the cooling condition after reaching the equilibrium. The composition of ''M'' alloy powders was taken as the basic standard composition, and the sum of main components (X Fe +X Cr +X B ) was fixed at 96.34 at. pct. The ratio of Cr to B (X Cr /X B ) was varied by 1.0 (increased fraction of B), 1.6 (basic ratio), and 2.2 (increased fraction of Cr) so that the X Fe and (X Cr +X B ) might be varied. Figure 4 shows the mole fractions of equilibrium phases ((Cr,Fe) 2 B, base-centered cubic [bcc] a-Fe, and face-centered cubic [fcc] c-Fe) existing at 1273 K (1000°C) for the alloy compositions of the aforementioned three X Cr /X B cases. As the content of B or the value of X Cr +X B increases, the mole fraction of equilibrium phase of (Cr,Fe) 2 B increases. From each X Cr /X B ratio, three combinations of X Cr +X B , i.e., 0.30, 0.45, and 0.5819, were selected again, and thus, nine alloy compositions were determined as shown in Table II. For convenience, the compositions with X Cr /X B ratios of 1.0, 1.6, and 2.2 are referred to as case 1, 2, and 3, respectively, and in each case, compositions with X Cr +X B values of 0.30, 0.45, and 0.5819 are referred to as case 1.1, 1.2, 1.3, 2.1, 2.2, 2.3, 3.1, 3.2, and 3.3 , respectively. Here, the composition with X Cr /X B of 1.6 and X Cr +X B of 0.5819 (case 2.3) is same to the basic composition of ''M'' alloy powders. Figures 5(a) through (i) show the mole fractions of (Cr,Fe) 2 B, bcc a-Fe, and fcc c-Fe for the nine alloy compositions in the temperature range of 1073 K to 2073 K (800°C to 1800°C), from which the thermodynamic calculation data of volume fraction of equilibrium (Cr,Fe) 2 B at various temperatures can be analyzed. The volume fraction of (Cr,Fe) 2 B can be calculated by substituting the mole fraction of (Cr,Fe) 2 B and the densities of (Cr,Fe) 2 B (6.45 g/cm 3 , calculated [29] ) and a-Fe For example, at the alloy composition of case 1.1 (X Cr / X B = 1.0, X Cr +X B = 0.30), the mole fraction of (Cr,Fe) 2 B at 1273 K (1000°C) is approximately 0.43, from which the volume fraction of (Cr,Fe) 2 B is calculated to be approximately 0.48, and the rest of the alloy is composed of bcc a-Fe (ferrite) and fcc c-Fe (austenite). When the temperature decreases down to room temperature, it can be expected that the (Cr,Fe) 2 B fraction remains constant, whereas c-Fe is transformed to a-Fe. The calculated volume fractions of (Cr,Fe) 2 B present in the nine alloys are listed in Table III .
B. Microstructure of Fe-Based Alloys
Figures 6(a) through (i) are SEM microstructures of the nine as-cast alloys designed by the thermodynamic calculation. In the three alloys of case 1 (X Cr /X B = 1.0), bulky (Cr,Fe) 2 B particles are dispersed in the matrix, whose phase might be martensite, and the (Cr,Fe) 2 B fraction tends to increase as the sum of the Cr and B contents (X Cr +X B ) increases (Figures 6(a) through (c) ). It can be reasonably accepted that these as-cast Fe-based alloys containing high Cr content might have the martensite matrix because they are cooled rapidly in a water-cooled copper mold after the suction casting, [30] although the detailed microstructural analysis was not conducted on these as-cast alloys. Because these alloys have large amounts of alloying elements and are cooled rapidly, the martensite matrix is mostly formed. In the alloys of case 2 (X Cr /X B = 1.6), (Cr,Fe) 2 B particles are shown in a needle or rod shape, and the (Cr,Fe) 2 B fraction increases with increasing (X Cr +X B ) value (Figures 6(d) through (f) ). The alloys of case 3 (X Cr / X B = 2.2) also show the similar tendency with those of case 2 (Figures 6(g) through (i) ). In the alloys of cases 3.2 and 3.3, the (Cr,Fe) 2 B particles are more populated than the matrix. These SEM microstructures of the ascast alloys are different from the SEM microstructure of the PIM specimen (compare Figure 6 (f) vs Figure 1(b) ). This is because the PIM specimen undergoes the longtime sintering at high temperature to reach the full equilibrium state, whereas the as-cast alloy of case 2.3 does not reach the equilibrium state as it is solidified rapidly after the melting. Thus, the heat treatment corresponding to the sintering process as in the PIM was conducted on the as-cast alloys to obtain the full equilibrium microstructure.
Figures 7(a) through (i) are SEM microstructures of the as-heat-treated alloys. Because sufficient diffusion occurs after the heat treatment, the microstructure of the as-heat-treated alloy is different from that of the as-cast alloy. After the long-time duration at high temperatures, martensites are tempered to become tempered martensites, in which fine carbides are precipitated in the ferrite matrix, and the shape of (Cr,Fe) 2 B changes from a needle or rod shape to a spherical or elliptical shape. With increasing (X Cr +X B ) value, the amount of (Cr,Fe) 2 B tends to increase, as in the as-cast alloys. The microstructure of the alloy of case 2.3 ( Figure 7(f) ), which has the basic composition of ''M'' alloy powders, is similar to that of the PIM specimen as shown in Figure 1(b) . Accordingly, it can be expected that the microstructure of the as-heat-treated alloy is similar to that of the specimen fabricated by the PIM process. Figure 8 shows the XRD analysis data of the as-heattreated alloys. Peaks of a-Fe (ferrite) and (Cr,Fe) 2 B are observed in all the alloys, like in the PIM specimen fabricated with Armacor ''M'' powders (Figure 1(b) ). The (Cr,Fe) 2 B fraction was measured from Figures 7(a) through (i), and the results are summarized in Table III . also In addition, the results are compared with the thermodynamically calculated volume fraction of equilibrium phase of (Cr,Fe) 2 B in Figures 5(a) through (i) . The measured and calculated fractions of (Cr,Fe) 2 B are shown in Figure 9(a) , from which the correlation between the two fractions is investigated. The measured (Cr,Fe) 2 B fraction varies from 42 vol pct to 91 vol pct according to the alloy compositions, whereas the calculated (Cr,Fe) 2 B fraction varies from 34 vol pct to 90 vol pct. The calculated fractions show approximately 5 pct less than the measured ones, and strong correlations are found between the two when considering error ranges within 5 pct. It implies that the (Cr,Fe) 2 B fraction estimated by the thermodynamic calculation is well matched to the actual (Cr,Fe) 2 B fraction.
C. Hardness of Fe-Based Alloys
The hardness of the as-cast and as-heat-treated alloys was measured, and the results are shown in Table III . The reason why the hardness of the as-cast alloy is different from that of the as-heat-treated alloy in the same composition is associated with the microstructural change between the as-cast and as-heat-treated alloys (Figures 6(a) through (i) and 7(a) through (i)), which is explained by the competing mechanisms between softening by the tempering (formation of tempered martensite) and hardening by the increase in (Cr,Fe) 2 B fraction. After the heat treatment, martensites in the ascast alloys are changed to tempered martensites with lower hardness, whereas the hardness and fraction of (Cr,Fe) 2 B increase as the equilibrium state is reached by sufficient diffusion at high temperatures, which increases the hardness of the alloys. According to these two competing microstructural factors, the hardness of the as-cast alloys increases or decreases after the heat treatment. In the as-cast alloys with higher (Cr,Fe) 2 B fraction, the hardness increases after the heat treatment because the increasing effect of hardness and fraction of (Cr,Fe) 2 B is greater than the decreasing effect of hardness by the formation of tempered martensites. In the as-cast alloys with higher martensite fraction, in contrast, the decreasing hardness effect by tempering overrides the increasing effect of hardness and fraction of (Cr,Fe) 2 B, and thus the hardness tends to decrease after the heat treatment.
D.
Correlation between Volume Fraction of (Cr,Fe) 2 
B and Hardness
The correlation between the measured volume fraction of (Cr,Fe) 2 B and the hardness of the as-heat-treated alloys is shown in Figure 9(b) . Because the microstructures of the as-heat-treated alloys have a network structure composed of connected (Cr,Fe) 2 B particles as shown in Figures 7(a) through (i) , the hardness distribution is relatively homogeneous, regardless of its indentation location. It is also expected that the wear resistance might be excellent as the wear load applied to (Cr,Fe) 2 B particles during the wear resistance test is well dispersed. When the (Cr,Fe) 2 B fraction increases, the hardness increases linearly. In the alloy of case 1.3, the (Cr,Fe) 2 B fraction is 91 pct, and accordingly, the hardness is higher than 1600 VHN. The hardness has a strong correlation with the (Cr,Fe) 2 B fraction and consequently with the calculated (Cr,Fe) 2 B fraction because of a strong correlation between the measured and calculated (Cr,Fe) 2 B fractions as shown in Figure 9 (a). Thus, the thermodynamic calculation results of the Section III-A can be used to estimate the fraction and hardness of (Cr,Fe) 2 B, from which the Fe-based alloys with various kinds of (Cr,Fe) 2 B fraction and hardness can be reasonably designed. Figure 10 is a good example of the thermodynamic calculation data of the current alloy design. This equilibrium phase diagram at 873 K (600°C) shows the relation of the Cr and B contents and the expected hardness of the as-heattreated alloys. The alloys with a wide range of hardness from 400 VHN to 1400 VHN, depending on the contents of Cr and B, can be designed. Because the measured (Cr,Fe) 2 B fraction is approximately 10 pct higher than the calculated (Cr,Fe) 2 B fraction (Figure 9(a) ), the hardness of the actual alloys can be higher than the hardness estimated from Figure 10 .
Considering that the microstructure of the alloy of case 2.3 ( Figure 7(f) ) and that of the PIM specimen fabricated with ''M'' powders ( Figure 1) are similar, the Fe-based alloys fabricated in the current study can be used for fabricating the PIM parts with various fractions and hardness values of (Cr,Fe) 2 B. As the (Cr,Fe) 2 B fraction increases, the hardness increases as well, but the brittle fracture might occur. Because the high (Cr,Fe) 2 B fraction and its hardness are not needed, it is recommended to adopt effectively the Fe-based alloys that have adequate mechanical properties for each PIM part. For example, if the hardness range required for the PIM part is 500 to 600 VHN, the alloys of cases 1.1, 2.2, and 3.2 would be adopted for this purpose. In this case, the alloys with decreased brittleness and increased toughness would be more reliable than the alloys with increased hardness. Because the amount of alloying elements needs to be increased to increase the (Cr,Fe) 2 B fraction, it is desirable also to consider the economic feasibilities including the price of alloying elements as well as mechanical properties required for the PIM parts. Figure 11 is a bar graph showing the price percentage of the Fe-based alloys with various hardness ranges compared with the price of the ''M'' alloy powders. These standard prices were estimated by prices of ferroalloys on the basis of the LME (London Metal Exchange) daily price (at the date of July 27, 2010). [31] The price of alloying elements contained in the current alloys is lower than that contained in commercial ''M'' alloy powders, and it decreases with decreasing hardness. It is also lower than that contained in martensitic SUS630 stainless steels, which are used widely for the PIM parts, implying that SUS630 stainless steels can be replaced sufficiently by the current alloys. Considering simultaneously the mechanical properties and economic feasibilities required for the PIM parts, the current alloys can be adopted fully for fabricating the PIM parts and have both excellent mechanical properties and economic advantages as well.
From the current results of the new alloy designed for the PIM parts containing hard (Cr,Fe) 2 B particles dispersed in the tempered martensite matrix, the Fe-based alloys with various hardness ranges can be fabricated successfully by controlling the (Cr,Fe) 2 B fraction. The fraction and hardness of (Cr,Fe) 2 B are estimated reasonably by the thermodynamic calculation of high-temperature equilibrium phases, from which the Fe-based alloys with various fractions and hardness values of (Cr,Fe) 2 B are fabricated. Because these alloys contain a large amount of (Cr,Fe) 2 B particles, which are stable at high temperatures and have good corrosion resistance, it is expected that they have the more excellent room-and high-temperature hardness, wear resistance, and corrosion resistance than existing stainless steel PIM parts, which provides a new possibility for applying these alloys to structural components requiring excellent mechanical properties. Furthermore, the alloy of case 1.3 can be applied to the PIM parts made of hard materials because its hardness is higher 1600 VHN.
IV. CONCLUSIONS
In the current study, Fe-based alloys with various qualities and hardness ranges were developed by varying chemical compositions, and their microstructure and hardness were analyzed to reach the following conclusions:
1. The Cr-to-B ratio (X Cr /X B ) and the sum of Fe, Cr, and B content (X Fe +X Cr +X B ) were varied to design nine Fe-based alloy compositions on the basis of the composition of Armacor ''M'' powders. In these alloy compositions, the volume fraction of (Cr,Fe) 2 B was calculated from the high-temperature equilibrium phase diagrams based on the thermodynamic data base. 2. According to the microstructural analysis results of the Fe-based alloys designed by the thermodynamic calculation, (Cr,Fe) 2 B particles were formed in the martensite matrix. The volume fraction of (Cr,Fe) 2 B was varied from 42 pct to 91 pct with alloy compositions, and these results were well matched with the calculated volume fractions of (Cr,Fe) 2 B. 3. The hardness of the fabricated alloys was varied from 300 VHN to 1600 VHN with alloy compositions, and it increased linearly with increasing volume fraction of (Cr,Fe) 2 B. From the correlation data between the volume fraction of (Cr,Fe) 2 B and hardness, the high-temperature equilibrium phase diagram, which could be used for the design of Febased alloys having various fractions and hardness values of (Cr,Fe) 2 B, was made.
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